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THESIS AT A GLANCE 
Paper I 
Objective 
General characterisation of species composition and phenology of 
the aphid fauna in Tyrnävä-Liminka area, Northern Finland. 
Methods Aphid monitoring / identification, DNA barcoding, Cluster analysis 
Illustration 
  
Main findings 
58,528 winged individuals classified into 83 taxa. Four phenology 
clusters. Total abundance indicated a recurring triennial cycle. Most 
abundant species was Rhopalosiphum padi. Aphis fabae and Aphis 
gossypii peaked at the beginning of the potato growing season. 
Paper II 
Objective 
Modelling approach to determine the relative importance of aphids 
identified in Paper I as vectors of PVY including timing of 
transmission. 
Methods 
Virus detection, Vector pressure calculation, General linear mixed 
models 
Illustration 
 
 
Main findings 
Incidence of seedborne PVY infection and the early-season flight of 
Aphis fabae are the most important factors contributing to the 
incidence of PVY in the harvested yield. Other aphid species play a 
negligible role as vectors of PVY. 
Paper III 
Objective 
Information on early-season transmission (Paper II) used for 
selection of appropriate measures for PVY control. Straw mulch, 
mineral oil and chemical control of aphids were compared. 
Methods 
Virus detection, 4 years of field trials, Vector pressure calculation, 
General linear model 
Illustration 
 
Main findings 
Straw mulch reduced PVY incidence by 25% to 70% in small scale 
and on-farm experiments. Mineral oil reduced PVY in two years (by 
43% to 58%). Esfenvalerate reduced PVY by 29% in one year. 
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ABSTRACT 
Background: The control of Potato virus Y (PVY, genus Potyvirus, family 
Potyviridae) is one of the greatest challenges in seed potato production 
worldwide. PVY can cause substantial economic losses. It reduces the 
growth of potato plants and the quality and quantity of yield. Therefore, 
when virus incidence exceeds set thresholds, the potatoes cannot be sold 
as seed but have to be sold at a lower price for consumption. PVY is 
transmitted in a non-persistent manner by winged forms of many aphid 
species. This mode of transmission is characterised by short probing 
activity, which is sufficient for acquisition and transmission of the virus. 
Because of these underlying epidemiological factors, PVY is difficult to 
control. Around 2005, the High grade (HG) seed potato production area in 
Finland, which is one of the northernmost intensive crop production areas 
of the world, saw a marked increase in the incidence of PVY in potato seed 
lots. Therefore, it became necessary to investigate the epidemiology of 
PVY and establish measures of PVY control in this region.  
Aims: 1) To characterise the species composition and phenology of the 
aphid fauna. 2) To determine the incidence of aphid species with 
documented ability to transmit PVY and to use a modelling approach to 
determine their relative importance as vectors including timing of virus 
transmission. 3) To compare the application of straw mulch, mineral oil and 
birch extract with chemical practices for control of PVY vectors.  
Methods: The area under study was Tyrnävä-Liminka (latitude 64°) in 
Finland. Studies were carried out in the potato growing seasons from 2007 
to 2012. Aphid flight activity was monitored by yellow pan traps (YPT) 
placed in 4–8 seed potato fields per year and by one suction trap. Aphid 
identification was done by morphological characteristics and by DNA 
barcoding based on a 658-bp long region of the mitochondrial gene for 
cytochrome c oxidase I (COI). A cluster analysis was used to categorise 
phenology of species. Incidence of PVY was measured by testing leaves 
collected two weeks after plant emergence and in the progeny tubers after 
harvest by enzyme-linked immunosorbent assay (ELISA). To determine 
the most important time of transmission of PVY, and the main vectors, the 
seasonal increase in PVY incidence was modelled using aphid counts in 
traps, the relative vector efficiencies of the aphids, virus resistance of 
cultivars, and the initial infection rate of the seed tubers as explanatory 
variables in generalised linear mixed modelling. In addition, small scale 
experiments (SSE) were conducted in three years and large scale (LSE) 
field trials in two years. SSE were set up to compare applications of straw 
mulch, mineral oil and birch extract with chemical control of PVY vectors. 
LSE were conducted in growers’ fields to test efficacy of straw mulch to 
control PVY at farm scale. 
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Results: A total of 58,528 winged aphid individuals were classified into 83 
taxa based on morphology: Of these, 34 species were further 
characterised by DNA barcoding. Four phenology clusters were found. The 
late-peak cluster was dominated by heteroecious species and the mid-
peak cluster was dominated by monoecious species feeding on 
herbaceous plants. Total abundance showed a recurring triennial cycle 
according to the catch of aphids using the suction trap in the years 2000-
2010. The most abundant species was Rhopalosiphum padi. It occurred 
mainly at the end of the potato growing season. The highly polyphagous 
species, Aphis fabae and Aphis gossypii were found to peak at the 
beginning of the potato growing season. Results of the modelling approach 
showed that the incidence of seedborne PVY infection and the early-
season flight of Aphis fabae are the most important factors contributing to 
the incidence of PVY in the yield. Other aphid species play a negligible role 
as vectors of PVY. In the SSEs, only straw mulch reduced of PVY 
incidence significantly in the progeny tubers, with the reduction ranging 
from 50% to 70% in all three years. Incidence of PVY was reduced by 
mineral oil in two years (by 43% to 58%) and by the synthetic pyrethroid 
insecticide esfenvalerate by 29% in one year. In the LSE, straw mulch 
significantly reduced PVY in the progeny tubers by 25% to 47%. Average 
tuber yield following the straw mulch treatment was generally but not 
significantly higher than that in the untreated control in all experiments.  
Conclusion: The results demonstrate that early season flight activity of 
Aphis fabae determines PVY incidence in the HG seed potato production 
area of Finland with a generally low vector pressure. Furthermore, straw 
mulch emerges as a reliabe and effective measure in diminishing the 
spread of PVY in areas with early vector flight activity.  
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ABBREVIATIONS 
CPV Cumulative vector pressure 
ELISA Enzyme Linked Immunosorbent Assay 
HG area High grade seed potato production area 
LSE Large scale experiment 
PVY Potato Virus Y 
ST Suction trap 
SSE Small scale experiment 
YPT Yellow pan trap 
 
Keywords: Potato virus Y, potato, Solanum Tuberosum, straw mulch, 
Aphis fabae, black bean aphid, cultural control, ground cover. 
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1 INTRODUCTION 
1.1 Significance of Potato virus Y (PVY) in seed potato 
production 
 
The potato (Solanum tuberosum) is among the four most important food 
crops in the world (FAO, 2012). Potato production for food and industry is 
currently about 368 million metric tons, and 32 million metric tons of seed 
potatoes are produced to sustain it (FAO, 2012). Potatoes, as a 
vegetatively-propagated crop, are particularly affected by plant virus 
diseases. About 40 viruses are known to infect cultivated potatoes 
(Valkonen, 2007). Of these, Potato virus Y (PVY, genus Potyvirus) is 
considered as the main problem in seed potato production world-wide 
(Valkonen, 2007). When potato plants are grown from PVY infected seed 
tubers, substantial yield losses of up to 85% are observed (Whitworth et 
al., 2006). PVY was first described by Smith (1931) and it is now ranked at 
5
th
 place of the top ten plant viruses based on scientific/economic 
importance (Scholthof et al., 2011). 
 
 
 Potato cultivar Annabelle infected with PVY
NTN
 showing tuber Figure 1
necrosis (left); non-infected tuber without symptoms (right). Tubers were produced 
in a greenhouse experiment.  
PVY contains a single open reading frame translated to a polyprotein, 
which is cleaved to 10 mature proteins, and possesses a filamentous virion 
structure. Helper component proteinase (HCpro) and coat protein (CP) are 
necessary for potyvirus transmission by aphids (Roudet-Tavert et al., 
2002). Seven strains of PVY are described so far based on host response 
and resistance gene interactions: the common or ordinary strain PVY
O
, the 
tobacco veinal necrosis strain PVY
N
, PVY
NTN
 causing tuber necrosis (Fig. 
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1), the recombinant isolate PVY
N-WI
, PVY
C
, PVY
Z
, and PVY
E
 (Singh et al. 
2008). PVY
NTN
, first found in Hungary in 1980, has attracted much attention 
because it rapidly spread worldwide (Beczner et al., 1984; Le Romancer et 
al., 1994; Kerlan et al., 1999; Boonham et al., 2002; Boukhris Bouhachem 
et al., 2007; Karasev et al., 2008) including geographically isolated regions 
(Chikh Ali et al., 2013). The underlying reason of the rapid spread of 
PVY
NTN
 might be attributed to the relatively mild symptoms displayed on 
potato leaves in many cultivars, which makes it difficult to detect virus-
infected plants in the field. Furthermore, PVY
NTN
 overcomes the resistant 
gene Ny that is common in potato cultivars and protects them agains PVY
O
 
(Tian and Valkonen, 2013). In contrast to the mild leaf symptoms, PVY
NTN
 
causes severe symptoms on the tubers, and makes them umarketable 
which gives the strain a special status from an agricultural point of view.  
 
1.2 Transmission of PVY 
 
Hemipteran insects comprise around 50,000 – 80,000 species of aphids, 
cicadas, plant hoppers, leafhoppers, shield bugs, and others. Among 
hemipteran insects, aphids transmit more than 50 % of the insect-vectored 
plant viruses (Ng and Perry, 2004). The majority of aphids that act as plant 
virus vectors belong to the subfamily Aphidinae (Order: Hemiptera) 
(Blackman and Eastop, 2000). Understanding the characteristics of 
transmission of insect vectored plant viruses is of fundamental importance. 
In particular, from the applied point of view, the choice of appropriate plant 
virus control measures is closely determined by the manner of 
transmission of the particular virus. Based on differences in retention site 
or/and time of the virus particles inside the veriliferous vector, the plant 
virus transmission mechanisms can be divided into different major modes 
(Table 1).  
Table 1 Plant virus transmission modes. 
 
Mode of 
transmission 
 
 
Retention site 
 
Examples of  
Viral genera 
 
Acquisition 
access period 
 
Inoculation  
access period  
Time when 
vectors are 
viruliferious 
      
Non-persistent Restricted to 
mouth parts 
Potyvirus, 
Cucumovirus 
Minutes Minutes to hours Minutes to 
hours 
      
Persistent Interaction with 
haemocoel 
Luteovirus Minutes to  
a few hours 
Days to weeks Days to weeks 
      
Persistent-
propagative 
Replication  
within vector 
Tospovirus, 
Tenuivirus 
Minutes to  
a few hours 
Days to weeks Vector lifespan 
 
Transmission of PVY occurs in a non-persistent manner, which is 
characterised by short probing activity, sufficient for acquisition and 
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transmission of the virus. Only a few seconds of probing within plant 
epidermis tissue are sufficient for PVY transmission (Broadbent & Tinsley, 
1951; Powell, 1991; Martín et al., 1997). Plant penetration behaviour and 
virus transmission by aphids have been extensively studied using the 
electrical penetration graph (EPG) technique (e.g. Tjallingii 1978; 1988; 
Valkonen et al., 1992; Boquel et al., 2011). First probes on a plant are 
usually short and have been classified as “test probes” corresponding to 
intercellular penetration and intracellular puncture of the plant. Altogether, 
there are three behavioural phases. 
 
 Path (Intercellular penetration and intracellular puncture by the stylet) 
 Phloem (Saliva secretion and passive sap ingestion, which comprises 
the main feeding) 
 Xylem (Active sap ingestion, which is considered as drinking to 
relieve water stress) 
 
The aphid feeding activity phases can be correlated to EPG waveforms. 
Experiments on transmission of non-persistent viruses using EPG method 
have shown that transmission is correlated with the first behavioural phase. 
As a consequence, not only aphid species feeding on potatoes are vectors 
of the virus, but also many transient vectors that do not colonise potato are 
able to transmit PVY when doing test probes during the host finding 
process (e.g. Edwards, 1963; Harrington and Gibson, 1989). Within-field 
spread is mainly caused by winged (alate) aphids, while wingless 
(apterous) morphs play a negligible role for PVY transmission (Broadbent 
and Tinsley, 1951). 
More than 50 aphid species (Ragsdale & Radcliff, 2001) and 
potentially even  many more (Pelletier et al., 2012) are able to transmit 
PVY. The capability to transmit PVY is expressed as a species-specific 
relative efficiency factor. On this scale, the efficiency factor of Myzus 
persicae (Sulzer), as the most efficient vector, is set to 1 and efficiency 
factors of all other species are assigned in relation to this species (van 
Harten, 1983), resulting in Relative Efficiency Factors (REFs). Numerous 
sets of REFs have been published but REF values for individual species 
differ considerably between studies, presumably due to varying 
methodological approaches (van Hoof, 1980; van Harten, 1983; Sigvald, 
1984; Harrington and Gibson, 1989; de Bokx and Piron, 1990; FERA, 
2009; Verbeek et al., 2010). Transmission efficiency does not only depend 
on aphid species, but also on the aphid biotype (Halbert et al., 2003; 
Verbeek et al., 2010), on the PVY strain (Verbeek et al., 2010), and on the 
plant species and cultivar (Fereres et al., 1993; Hamm et al., 2010). 
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1.3 Aphid behaviour affects PVY transmission 
 
Many behavioural aspects make aphids manageable by cultural control 
strategies. Orientation and host plant finding are primarily affected by 
visual stimuli. When in alighting mood, yellow attracts aphids (Moericke, 
1950, 1955; Kring, 1972; Hardie, 1989; Döring and Chittka, 2007), and 
many other phytophagous insects (Prokopy and Owens, 1983). This has 
been interpreted as a super-normal foliage-type stimulus, where yellow 
reflects green wavelenghts (c. 530 nm) with a greater intensity in the 
insect-visible range than green (Prokopy and Owens, 1983; Döring et al. 
2009). The perception of colours by aphids is based on three types of 
photoreceptors (Kirchner et al. 2005). Migratory behaviour (pre-alighting 
behaviour) is an initial period of flight during which the aphid remains 
unresponsive to those visual stimuli (yellow or green) that will eventually 
lead to landing on a plant. During pre-alighting behaviour, phototactic 
response of the insect to a bright, white light is observed (Moericke, 1962; 
Hardie, 1989). Plant volatiles during pre-alighting behaviour seem to be 
less important than visual stimuli, suggesting that olfactory cues are not 
used prior to landing (Moericke, 1950; Moericke, 1955; Hodgson and 
Elbakhiet, 1985). Once the aphid has landed (post-alighting behaviour), 
tactile, and chemical cues become more important and can initiate probing 
behaviour (Powell and Hardie, 2000; Powell et al., 2006). 
The so-called ‘soil factor’ is a well-known phenomenon in the 
alighting behaviour of aphids in an agricultural context (Moericke, 1955). 
Plants on a bare soil are more attractive landing targets to aphids in 
alighting mood than plants in a closed canopy. Similarly, when green pan 
traps are put onto bare soil, the catch of winged aphids in these traps is 
greater than when the traps are put onto plastic sheets covering the soil 
(Döring et al. 2004). On the other hand, the so called ´edge-effect´ means 
that aphids tend to land in higher numbers in the perimeters than in the 
middle of a field (Irwin, 2000). Thus, the greater the proportion of ground 
covered, the less likely an aphid is to land, which was has been 
demonstrated in many crops (e.g. Storey and Ryland, 1957; A’Brook, 
1964, Hull, 1964; Halbert and Irwin, 1981; reviewed in Irwin, 2000). 
Consistent with this aphid behaviour, non-persistent virus pressure is 
generally higher in field perimeters than interiors (Difonzo et al. 1996; Irwin, 
2000; Carroll et al. 2009).  
As a consequence of the above mentioned ‘soil factor’, approaches 
for reducing virus inoculum in the field by removing virus-infected potato 
plants (roguing) can result in the unintended effect of increasing virus 
transmission (Davis et al., 2009; Davidson et al., 2013). The remaining 
uncovered ground after removing the infected plant may create a within-
field ‘edge effect’, which favours aphid landings on the adjacent, potentially 
already infected plants. These considerations emphasise why it is of 
particular importance to understand the complex pattern of aphid 
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behaviour during alighting mood, in particular in pathosystems associated 
with non-persistent transmission.  
 
1.4 Control of PVY 
Measures available to control PVY are limited due to non-persistent 
transmission. Because of the underlying biology of PVY – a short time 
period sufficient for transmission and a dominant role of non-colonising 
vectors – control of vectors with insecticides does often not lead to 
satisfying control of PVY (Broadbent, 1957; Perring et al., 1999; Radcliffe & 
Ragsdale, 2002). Using resistant cultivars is an environmentally sound and 
one of the most efficient approaches (Valkonen, 1994; Nemecek et al., 
1995), but most cultivars are not resistant to all PVY strains (Tian and 
Valkonen 2013; Zimnoch-Guzowska et al. 2013). In addition, only few 
varieties show resistance against PVY
NTN
. The customers’ demand for 
certain varieties – based on general popularity, on processing 
characteristics or other traits – is a further factor restricting this approach. 
Control strategies can be categorized into general approaches reducing 
PVY spread and by taking the timing of vector flight into account (Table 2).   
Table 2 Control strategies with focus on differences in timing of vector flight 
within growing season. 
Control measure Target Vector flight References 
    
Border crops Vector behaviour Early DiFonzo et al., 1996; Fereres, 
2000 
    
Intercropping Vector behaviour Early Potts and Gunadi, 1991 
    
Mulching Vector behaviour Early Saucke & Döring, 2004; (III) 
    
Early haulm destruction Tuber infection Late Krätzig, 1975 
    
Pre-sprouting Virus translocation Late Sigvald, 1985 
    
Primary host plants of 
aphids destroyed 
Vector pressure Anytime Köhler, 1948 
    
Areas with low aphid 
pressure 
Vector pressure Anytime Wurr, 1978 
    
Certified seeds Seedborne 
infection 
Anytime Pieper et al., 1930 
    
Mineral oil Vector/virus 
interaction 
Anytime Bradley et al., 1966 
    
Resistant cultivars Virus infection Anytime Valkonen, 1994 
    
Separation of seed and ware 
potatoes 
Virus spread Anytime Wilson and Jones 1990 
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One of the potential cultural measures to control PVY is mulching 
with cereal straw. Straw mulch shows a high efficacy against aphid-
transmitted viruses: Its ability to reduce virus incidence has been shown in 
a wide range of crops, including barley (Kendall et al., 1991), faba bean 
and rape (Heimbach et al., 2000, 2001, 2002), lupins (Jones, 1994), 
organically grown potatoes (Saucke & Döring, 2004) and vegetables 
(Summers et al., 2004, 2005). Despite its potential, straw mulch application 
has not been adopted in seed potatoes production so far. One reason may 
be that there is currently little information available on how effective straw 
mulch applications are compared with other practices (e.g. chemical 
control or spraying mineral oil on potato foliage) in terms of PVY control 
(Döring et al., 2007). In addition, straw mulch has mainly been studied in 
small scale field experiments and with high (e.g. artificially augmented) 
virus inoculum. It is therefore not clear whether straw mulch would perform 
well as a virus control treatment under field conditions with low inoculum, 
e.g. in the HG seed potato production area in Finland. The efficiency of 
straw mulch in reducing PVY depends on vector phenology: reduction 
appears to be greatest when vector flight activity peaks early in the season 
(Saucke & Döring, 2004). 
 The visual orientation of aphids during alighting mood (chapter 1.3) 
can be altered by application of straw mulch, which leads to fewer landings 
on the crop because fallow ground is covered (Döring et al., 2004), and the 
‘soil factor’ is diminished (Moericke, 1955, Kennedy et al., 1959, 1961). 
This influences the visibility of plants and makes them less attractive to 
aphids in alighting mood (Döring et al. 2004, Hooks and Fereres, 2006). It 
has been shown that aphids exhibit pobing behaviour on straw (Döring et 
al., 2004). After probing in vain on non-host objects aphids tend to leave 
such patches, which results in ‘rejection flight’ (Kennedy, 1966; Kring, 
1972). This kind of insect behaviour is discussed in a broader context in 
the inappropriate/appropriate landing theory by Finch and Collier (2000).  
Another cultural control approach to reduce PVY transmission is the use of 
border crops (DiFonzo et al., 1996; Fereres, 2000; Hooks and Fereres, 
2006; Boiteau et al., 2009). The mechanism of action of border crops are 
attributed to a) virus-sink hypothesis (i.e., the virus gets lost from the vector 
during probing on border crop plants); and b) reduction of the edge-effect.  
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1.5 High grade seed potato production in Finland 
The aim to produce pathogen free seed potatoes is directed by national 
certification schemes in many countries. The EU commission has 
approved a number of regions as HG seed potato production areas (HG). 
The HG areas comprise Mecklenburg-Vorpommern (Germany), the 
complete territory of Ireland, areas within UK (Cumbria, Northumberland, 
Northern Ireland, Scotland), regions in the Azores (Portugal) with higher 
altitudes than 300 metres, and the municipalities of Liminka and Tyrnävä in 
Finland (2004/3/EC). 
Seed potato production in the HG area of Finland is based on 
disease free in vitro material. First tuber generation (class SS) is produced 
in greenhouses - either with the conventional methods using sterilised peat 
as growing medium, or an aeroponic method. The second tuber generation 
(first field generation; class S) is produced in the fields of the seed potato 
production companies. Third tuber generation (second field generation; 
class SEE) may be produced in contract farms in the HG area. Fourth and 
fifth generations (third and fourth field generation; classes SE, E1, E2, E3, 
A or B), are produced on contract farms, most of which are situated in the 
HG-area. The upper infection thresholds (%) of the certified seed classes 
for PVY are: SE = 0; E1 = 0.2; E2 = 0.5; E3 = 1; A = 4; B = 10. Some new 
varieties are produced using imported, high-class seed lots as planting 
material. This imported material is not brought to the HG area (J.P. 
Palohuhta, personal communication). Other European countries use 
similar methods, but the seed classification systems are variable. All official 
inspections and certification of the produced seed lots is carried out by the 
Finnish Food and Safety Authority (EVIRA). 
The HG area under study, Liminka and Tyrnävä (latitude 64° N), is 
the northernmost HG region. It is characterised by a short growing season. 
The mean thermal growing season (Tbase = 5° C) begins on May 1 and 
ends on October 9 (average of years 1981-2010) (H. Simola, Finnish 
Meteorological Institute, personal communication). The prevalent PVY 
strain in Finland was found to be PVY
NTN
 (Tian et al., 2010). Potential 
vectors of PVY occur less abundantly and flight activity starts later in the 
HG zone than in the central and southern parts of Finland where most of 
the industrial and ware potato production is located (Kurppa & Rajala, 
1986). Early appearance of PVY vectors that migrate over long distance 
from the South or South-West over the Baltic Sea to southern Finland is 
observed in some years (Kurppa, 1989; Nieminen et al., 2000) but this 
phenomenon is negligible in the HG area. Since 2005, the incidence of 
PVY increased in the Tyrnävä-Liminka area and resulted in down-grading 
of seed lots at certification, which had occurred rarely in the past. 
Therefore, it became essential to understand the epidemiology of PVY in 
the HG zone of Finland and lay a basis for measures to control PVY in 
seed potato crops in the field. 
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2 AIMS OF THE STUDY 
 To characterise the species composition and phenology of the aphid 
fauna in Tyrnävä-Liminka area (I). 
 
 To determine the incidence of aphid species with documented ability 
to transmit PVY and to use a modelling approach to determine their 
relative importance as vectors including timing of transmission (II). 
 
 To evaluate the application of straw mulch, mineral oil and birch 
extract in comparison with chemical practices for control of PVY (III). 
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3 MATERIALS AND METHODS 
 
The methods are summarised here and described in detail in the original 
publications I-III. 
 
ACTIVITY/ MATERIALS/ METHODS PUBLICATION 
Aphid monitoring I, II, III 
Cluster analysis I 
DNA barcoding I 
ELISA II, III 
Field trial III 
General linear mixed models II 
General linear models III 
Model Selection and Multimodel Inference II 
Morphological identification of aphids I, II, III 
Vector pressure calculation II,III 
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4 RESULTS AND DISCUSSION 
4.1 Study of the aphid fauna in Northern Finland:  Basis for 
epidemiological analysis 
 
Many studies on the epidemiology of PVY have focused on a relatively 
limited number of potential vector species (Rydén et al., 1983; Sigvald, 
1987; DiFonzo et al., 1997; Basky, 2002). Our approach was to monitor a 
broader spectrum of species, which resulted in 83 taxa of winged aphids 
found in the potato fields of the HG area in four years (I). This large set of 
potential vector species was the basis for vector pressure calculation using 
nine previously published sets of relative efficiency factors (Fig. 5, II). The 
occurrence of 58528 winged aphid showed four phenology clusters within 
the growing season (Fig. 6, I). The aphid fauna was dominated by the 
family Aphididae, the subfamily Aphidinae and the tribe Macrosiphini (76 
%, 75 % and 63 % of the total number of taxa, respectively). Results (I) 
suggested a 3-year cycle of abundance in 2000-2010. DNA barcoding was 
employed to address difficulties experienced in taxonomic classification 
using morphological criteria with cryptic species such as those from the 
genus Aphis (I). Aphis gossypii and Aphis frangulae have very similar 
morphology but different impact on agriculture. Here, DNA barcoding 
appeared as an essential tool for the supplementation of morphological 
identification in an applied agricultural context.   
Aphis gossypii is known to transmit about 75 plant viruses (Chan et 
al., 1991) and colonizes more than 600 plants species (Deguine & Leclant, 
1997). A. gossypii can transmit PVY (Fereres et al., 1993; Boukhris-
Bouahcem et al., 2011) but the overall abundance of this species was 
much lower than for other Aphis species, e.g. Aphis fabae (I). With a 
modelling approach we found no evidence that other Aphis species than A. 
fabae would play a role in transmission (II). Aphis gossypii was found in the 
catch in all years (Table 1, I) which was unexpected because in previous 
studies A. gossypii was found exclusively indoors, and was considered 
only a glasshouse pest in Finland (Heie, 1986; Albrecht, 2012). Finding this 
species outdoors might be evidence that greenhouse populations are able 
to establish themselves also on wild secondary hosts in the HG area of 
Finland. In a recent risk assessment study of alien species in Finland, A. 
gossypii was ranked in the highest category of potential future pests 
(Vänninen et al., 2011).  
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4.2 Early-season activity of the black bean aphid (Aphis 
fabae) determines PVY  transmission 
Nine published relative REF sets (Fig. 5, II) were compared and the set 
from van Hoof (1980) was found to be the most suitable for vector pressure 
calculation in the study area. The most abundant species in the seed 
potato fields in the HG area was Rhopalosiphum padi, the bird cherry-oat 
aphid (I). It is probably the major pest of temperate cereal crops worldwide 
(Blackman and Eastop, 2007) and was reported as an important vector of 
PVY in Sweden (Rydén et al., 1983; Sigvald, 1987), midwestern USA 
(Ragsdale et al., 2001), France (Robert et al., 2000), the Netherlands (van 
Hoof, 1977) and Finland based on previous studies (Kurppa and Rajala, 
1986). In the Tyrnävä-Liminka area R. padi occured mainly at the end of 
the potato growing season (I), when mature plant resistance develops in 
potato plants (Bagnall, 1977; Beemster, 1972, 1979; Sigvald, 1985). 
Mature plant resistance might explain the gradual reduction of explanatory 
power in all our epidemiological models from the beginning of the second 
half of the growing season (II) after beginning of flowering. In contrast to 
the importance as a vector of PVY in other countries, we could not find 
evidence that R. padi contributed to the spread of PVY in the study area 
(Fig. 6, II).  
Aphis fabae, occurred consistently at the beginning of the potato 
growing season (I) and was the most abundant potential PVY vector 
species from emergence until canopy closure (BBCH 09-40) in all field 
experiments (III). Aphis fabae contributed mostly to the total vector 
pressure (Fig. 2).  
 
 
 
 
 
 Proportional influence of Aphis fabae to the total vector pressure from Figure 2
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When A. fabae was removed from the vector pressure calculation the 
explanatory power of the models was substantially reduced (Fig. 6, II). 
Consequently, A. fabae must be seen as the main vector that determines 
PVY transmission in the HG area. The ability to transmit PVY
NTN
 was 
tested with local biotypes from the HG-area and 31 out of 172 individuals 
(18% transmission rate) transmitted the virus from PVY
NTN
 infected potato 
plants (var. Bintje) to 3 weeks old tobacco test plants (var. Samsun) 
(unpublished data). The transmission experiment was not compared to 
transmission rates of Myzus persicae. Hence, a REF could not be 
calculated. Nevertheless, in a comparable transmission experiments with a 
similar setup, A. fabae showed a transmission rate of 24% (Van Hoof, 
1980). Surprisingly, the A. fabae biotype used in a PVY
NTN
 transmission 
experiment by Boquel et al. (2011) did not transmit PVY at all. While there 
were differences in the set-up of transmission experiments, the results 
suggest great intraspecific variation in the ability of A. fabae biotypes to 
transmit PVY. This is also underlined by widely differing REFs ranging from 
0.03 (Verbeek et al., 2010) to 0.90 (Harrington & Gibson, 1989) in other 
studies.  
A recently published study using a similar logistic regression 
modelling approach as used in this study focused on crop management 
practice on PVY spread in New Brunswick, Canada (MacKenzie et al., 
2013). Overall, the results were comparable with our study. Incidence of 
early-season infections of PVY (II), or mid-season infections of PVY by 
MacKenzie et al. (2013), and the early-season vector flights were the 
important factors contributing to the incidence of PVY in the harvested 
tubers. Differences in PVY spread among cultivars were not found in either 
study. Crop management practices were not implemented in our modelling 
approach, but were studied separately in controlled field experiments (III) 
(see chapter 4.3). The main differences in the methodological approach of 
our study compared with McKenzie et al. (2013) were the additional 
calculation of the cumulative vector pressure (CVP) in our study, whereas 
unprocessed aphid abundance data was used by MacKenzie et al. (2013). 
In our study, it was then possible to specify the relative importance of 
certain vector species (Fig. 6, II) by the stepwise removal of single vector 
species from the full CVP dataset.  
Some authors have used a time-dependent factor reflecting mature 
plant resistance (MPR) to modify the influence of CVP over the growing 
season (Sigvald, 1992; Basky, 2002). This approach is based on estimates 
of decreasing susceptibility of the potato plants during the growing period. 
We used the weekly CVP stepwise to find the timing of main PVY 
transmission and asked at which point of time CVP would show the best fit 
with the increase of PVY incidence during the growing season. A gradual 
reduction in explanatory power was observed in all models containing CVP 
from the end of the first half of the growing season towards harvest time 
(Fig. 4; II). This effect, which coincides with the beginning of inflorescence 
(BBCH 60, see vertical line in Fig. 4, II), can be attributed to the increasing 
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virus resistance of potato plants over the growing season (Beemster, 1972; 
1979; Bagnall, 1977; Sigvald, 1985), or to the timing of vector flight activity, 
or to a combination of both factors. The approach using CVP reflects the 
cumulative nature of virus transmission over the season. At the same time, 
the modelling methodology reflects that late season effects are always 
influenced by earlier points in time.  
4.3  Control of PVY: Implications of epidemiological results  
 
Besides general considerations for the control of PVY (Table 2), 
knowledge about local conditions and epidemiological key factors are 
essential for the selection of appropriate control measures. Vector species 
involved in transmission and timing of flight in relation to the plant growing 
stage were determined with the modelling approach (II). The results 
obtained indicated that measures aiming to reduce PVY spread in the 
beginning of the growing season could be expected to be effective in the 
HG area. Small scale experiments (plot size 3.2 x 8 m) were conducted in 
3 years to test applications of straw mulch, mineral oil, birch extract and 
common chemical practices for control of PVY (III). In addition, large scale 
experiments were conducted to evaluate whether straw mulch is efficient 
using on-farm practices (III). Straw mulch emerged as an efficient and 
reliable PVY control measure in the HG area. Small scale experiments 
showed consistent reduction of PVY by 50% to 70% in the harvested 
tubers (Fig. 2, III). Furthermore, this study showed for the first time that 
straw mulch application was efficient at farm scale using farmers’ straw 
application methods and under practice conditions (Fig. 3, III). Even under 
an unusually high vector pressure in the HG area (Fig. 5, III) reduction of 
PVY in the yield was 29% as compared with the control. It has been shown 
previously that straw mulch is most efficient when vector flight occurs early 
in the season (Saucke et al., 2004) and, in combination with the findings of 
the epidemiological study (II) this most likely explains why the straw mulch 
consistently reduced the transmission of PVY in all years in this study (III).  
Mineral oil was tested in small scale experiments and was 
comparable with straw mulch in an attempt to reduce PVY in the crop in 
2009 and 2010, but failed to reduce PVY in 2011 (Fig. 2, III). Differences in 
the vector pressure between years were marginal (Table 3; III). In view of 
the persistence of mineral oil on the leaves (Boiteau & Wood, 1982; 
Fageria et al., 2013), a possible reason for the low effect of mineral oil in 
2011 could be that one less spraying application was done than in the two 
previous years. Furthermore, relatively high precipitation in 2011 may have 
caused a higher loss of oil and reduced protection. Many field studies show 
that incidence of PVY can be reduced by spraying crops with mineral oil 
(Bradley et al., 1966; Boiteau & Singh, 1982; Tiilikkala, 1987; Bell, 1989; 
Boiteau et al., 2009, Martín-López et al., 2006), but this is not always the 
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case. For example, negative results were shown by Shands (1977), where 
mineral oil reduced PVY spread only in one of three years. Also, mineral oil 
failed to control PVY in combination with contact or systemic insecticide 
and as single treatment in a 3-year field study in Denmark (Hansen & 
Nielsen, 2012). Reasons for failure have often remained enigmatic. 
Mineral oil may interfere with interaction of virus particles with aphid 
stylet (Powell, 1992; Boquel et al., 2013). Mineral oil can also, however, 
affect the behaviour of aphids, e.g., by repelling them for a short period of 
time after application (Ameline et al., 2010), and by delaying sustained 
feeding behaviour (Ameline et al., 2009). In this study, mineral oil treatment 
was further included in one LSE combined with straw mulch (Fig. 3, III) but 
showed no additive reduction as compared with single straw mulch 
treatment alone. In contrast, combined use of border crops as cultural 
control and mineral oil provided consistently higher PVY reduction efficacy 
than the use of either method alone (Boiteau et al., 2009). 
There are seed potato production areas, in which the flights of PVY 
vectors occur late in the growing season when plants have already 
reached the maximum height. In New Brunswick, Canada, the 
recommended measure against PVY spread is mineral oil application not 
before the potato growing mid-season (Boiteau et al., 1988). Mineral oil 
might be more effective when the sprayed leaf area is expanding more 
slowly, which provides maximum coverage for a longer period. Usually, it 
has been recommended to start spraying application at the time of plant 
emergence (Bradley et al., 1966). In contrast with the study in New 
Brunswick, Canada by Boiteau et al. (1988), the recently published study 
from the same area (MacKenzie et al. in 2013) found that the early-season 
vector flight contributed most to the spread of PVY. The shift of timing of 
the vector flight in this area might be a result of changing climatic factors 
which are known to influence the phenology of aphids (Harrington et al., 
2007), but changes in cropping systems or the dominance of crop species 
may also play a role. 
Mineral oil application, and mineral oil supplemented by novel 
insecticides with repellent and anti-feeding effects (e.g. lamda-cyhalothrin, 
flonicamid) can provide good levels of control against transmission of PVY 
(MacKenzie et al., 2013). Insecticides were, however, not effective in 
reducing PVY in the HG area (Fig. 2, III), but may perform better in areas 
where potato colonising PVY vectors occur, in contrast to the HG-area 
where colonising vectors were absent (II). The low efficacy of insecticides 
against non-persistently transmitted viruses (Broadbent, 1957; Radcliffe & 
Ragsdale, 2002) has, however, been explained as a consequence of the 
insecticide failing to kill the vector before the virus is transmitted by the 
vector (Perring et al., 1999). This is in line with a recently published 
assessment of insecticides as means of PVY control (Gray et al., 2010). 
Despite the knowledge that non-persistent viruses are difficult to control 
(Döring et al., 2007), insecticides are still recommended and regularly used 
(Rieckmann, 2000). In virtue of other drawbacks like insecticide resistance 
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problems (e.g. Rongai et al. 1998; Robert et al., 2000), environmental 
costs (Pretty et al., 2000), and negative impact on beneficial organisms 
(von der Ohe et al., 2004), knowledge transfer to growers and seed potato 
producer must be enhanced to put appropriate control strategies into 
practice.  
Apart from reduction of virus incidence, straw mulch application 
decreases soil erosion (Döring et al., 2005; Bhatt & Khera, 2006), which is 
important in the HG area which is characterised by open fields, sandy soil 
and strong wind gusts in the early growing season. Straw mulch increases 
soil moisture content (Greb, 1966; Unger, 1978; Bhatt & Khera, 2006). The 
risk of undesirable post-harvest N-leaching can be significantly reduced 
due to the immobilization of nitrate–N after harvest by straw mulch 
application (Döring et al., 2005), and it is associated with increased soil 
organic matter levels and improved soil structure (e.g. Reeves, 1997). 
 
4.4 Methodological considerations 
Whereas monitoring of aphids by YPTs provides specific local information, 
catching aphids with 12.2 m high Rothamsted STs provide strong 
correlations among the compositions of alate populations of aphids over 
large areas with a radius of 200 km (Taylor, 1974; Cocu et al., 2005). Local 
differences may be of less importance for the use of STs in control 
programmes providing advice on the risk of virus transmission and the 
need for aphid control (e.g. sprayings). For construction of empirical 
epidemiological models, however, data obtained at a field scale are 
needed.  We used only YPT data for the phenological analysis, because of 
the larger total catch (56,040 versus 2488 individuals). When total 
abundances of aphids are low as in the HG area, extracting phenological 
patterns is less easy than with higher abundances. Therefore, using the 
YPTs, which are actively attracting aphids, has an advantage over the 
suction traps when determining phenological patterns.  
STs measure the absolute abundance of aphids per volume air, 
including those aphids which are not in ‘alighting mode’ (see chapter 1.3; 
Moericke, 1955; Kring, 1972). In contrast, YPTs are specifically catching 
individuals in ‘alighting mode’ (Moericke, 1962; Hardie, 1989). This may be 
a further advantage of YPTs for vector monitoring, because the estimated 
landing rate on potatoes is the important factor in such a context. On the 
other hand, there is a species bias based on the differences between these 
two trap types, which affect the YPT approach in contrast to STs, because 
of species-specific colour preferences (Moericke, 1969; but see Döring et 
al. 2009). 
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5 CONCLUSION AND FUTURE 
PROSPECTS 
 
 
The early growing season is essential for PVY transmission in many seed 
potato production areas, due to high susceptibility of the young plants and 
their visibility as landing targets for aphid vectors. Therefore, control 
measures targeting the early growing season of potatoes against PVY 
transmission are of major importance. As was shown in this study, straw 
mulch is a promising PVY control option protecting high valued seed 
potatoes at an early growing stage.  
The HG area provided a unique opportunity for an epidemiological 
study due to the geographic location. A number of factors were 
compressed into a relatively small time window due to short growing 
season, e.g., plant growth, vector activity and virus transmission. This 
might have contributed to the relative uniformity of phenologies of the 
important vector species between years during the project. The geographic 
characteristics might also have contributed to the relatively clear patterns 
extracted by the epidemiological analysis.   
Farmers and seed potato production companies were actively 
involved from the beginning of the project. New findings from research 
were contemporarily transferred to practice and discussed with all parties 
involved in several meetings following each growing season. Hence, this 
direct knowledge exchange engendered a high acceptance of the results 
and their application by the seed potato growers. This encouraged the 
farmers to participate in the on-farm experiments and could be of 
indispensable help in the optimisation of practical and technical aspects of 
the straw mulch approach in the future. Finally, behavioural studies on 
aphids would contribute substantially to the understanding of the 
mechanism of action of straw mulch and its further optimisation of its use.  
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